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ABSTRACT
School of Graduate Studies
The University of Alabama in Huntsville
Degree Master of Science in Engineering
College/Dept. Engineering/Electrical & Computer Engineering
Name of Candidate Amirahmad Ramezani
Title An Implementation of Embedded Software for Real Time Monitoring of
Bioimpedance
Bioimpedance analysis (BIA) is a convenient and highly accurate method for assessment of
the internal composition of the body. It can be particularly used for evaluating the hydration
level of an individual based on the amount of intracellular water (ICW) and extracellular
water (ECW) in total body water (TBW). Complex impedance of the body is a function of
frequency and amount of ICW and ECW. By injecting small currents at different frequency
and measurement of complex impedance, we can assess the amount of ICW, ECW, and TBW.
This method can be applied to Internet of Things (IoT), fitness, and clinical devices to
facilitate health monitoring and provide warnings in the case of dehydration. This thesis
demonstrates an implementation of a low-power embedded software for bioimpedance
measurements that can be used for hydration monitoring. The prototype was developed in
the form of a smart water bottle, a Texas Instruments AFE4300 integrated analog front end,
a Teensy LC microcontroller, a Bluetooth module, and a Windows application for the control
program. Measurements at 8, 16, 32, and 50 KHz are presented and some of the challenges
and possible solutions for real-time system implementation are discussed. This work
demonstrates the feasibility of real-time bioimpedance measurements for at home health and
fitness monitoring and discusses possible improvements of the measurements and
assessment of the hydration results.
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Chapter 1: Introduction
1.1.

Background and Motivation

Bioelectrical impedance analysis (BIA) is commonly used for analysis of biological
tissue properties. This method is used to determine the complex impedance (i.e. real and
imaginary component) of tissues at different frequencies. The tissue properties can be
assessed from this frequency dependent complex impedance. In BIA, a weak electric current
on the order of microamps flows through the body and the voltage is measured to assess the
complex impedance of the tissue. Since the impedance of the tissue depends on cellular and
extracellular water content and body fat, BIA can be used to assess Total Body Water (TBW),
Extra Cellular Body Water (ECW), Body Cell Mass (BCM), fat mass, and the amount of
different elements around the cell, such as sodium, protein, or potassium [1]. Typically, up to
60% of a human body is water, and some organs have even higher content of water (e.g. heart
and brain contain 73% and 83% water, respectively).
Bio-impedance is typically measured by a 4-electrode configuration: two electrodes are
used to pass an alternating current through the body, and two electrodes measure the
resulting voltage. Depending on the frequency, the current flows through various
compartments in the tissue. Bioimpedance analysis can provide useful information about
several physiological features of the body. This information can in turn be used for a variety
of applications such as assessing the hydration status of an individual [2], management of
dialysis patients [3], determination of fat free mass (FFM) [4], and detection or screening of
different cancer cells and tumors [5]. Typical commercial applications include body

1

composition weight scales, as shown in Figure 1. The front electrodes are used to pass the
current, and the back electrodes (in contact with heels) are used to measure voltage.

Figure 1. Body composition weight scale

1.2.

Embedded Bioimpedance Measurement and Analysis

Most commercial BIA monitors are used to measure total body impedance and analyze
body composition. Measurement requires standard wet electrodes (e.g. electrocardiogram
electrodes), and bare skin contact with the measurement equipment. A new generation of
smart objects in everyday use with embedded physiological sensors provide an opportunity
to noninvasively measure physiological parameters throughout the day, every time the object
is used [6], [7].
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A new generation of specialized embedded controllers, such as Analog Devices AD4100
[8] and Texas Instruments AFE4300 [9] integrate low power analog front ends that are
perfect candidates for embedded BIA controllers. This thesis presents a software support for
a low power embedded platform for real-time monitoring of bioimpedance that is currently
being developed at UAH by Dr. Jovanov. The prototype described here demonstrates the
feasibility of seamless bioimpedance measurements performed conveniently at low cost. The
prototype allows real-time monitoring of bioimpedance parameters, and archiving of records
for off-line analysis and algorithm development. Bioimpedance measurements have various
applications in clinical and athletic fields. They can be used for monitoring hydration, muscle
mass, and cell health. at home or in hospitals. This design focuses on real-time hydration
monitoring of users using a bioimpedance analysis of the upper body and a smart water bottle
[6].

1.3.

Outline

The rest of the thesis is organized as follows: Chapter 2 introduces bioelectrical
impedance analysis (BIA) and discusses some of the theoretical concepts and physiological
relevance of bioimpedance measurement. Importance of water and hydration, the adverse
effects of dehydration, and existing methods for hydration assessment are mentioned in the
same Chapter, followed by a survey of commercially available monitors and integrated analog
controllers. Chapter 3 describes the system design of the developed prototype. The overall
setup, system architecture, as well as hardware and software design of the prototype are
presented next. Chapter 4 discusses the experimental setup, measurements, and the results.
Finally, Chapter 5 concludes the thesis.
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Chapter 2: Bioimpedance
2.1.

Background

Bioelectrical impedance analysis (BIA) is used to determine the complex impedance
(i.e. real and imaginary component) of tissues at different frequencies. The tissue properties
can be assessed from this frequency dependent complex impedance. The tissues in the human
body present an obstacle to the flow of alternating current based on their physical and
chemical structure. In addition, the current can travel through different parts of the tissue
depending on its frequency. At lower frequencies, the cell membranes act as insulators
causing the current to flow only through the extracellular fluids. At higher frequencies, the
current is able to flow through the intracellular and extracellular fluids [4], [10]. Therefore,
the human body can be simulated by the circuit shown in Figure 2. RICW and RECW refer to
the impedance caused by the intra- and extra-cellular water respectively, and Xc refers to the
capacitance of the cell membranes. At low frequencies, the capacitor acts as an open circuit
and RECW is the dominant impedance that can be observed. At high frequencies, the capacitor
acts as a short circuit and the equivalent impedance of the system is represented by the
parallel connection of RICW and RECW. Figure 3 below also represents the relationship between
the frequency of the alternating current and its flow through the tissues.

4

Figure 2. Circuit simulation of the body's tissues [4]

Figure 3. Flow of low and high frequency current through a tissue [2]
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In BIA, a weak electric current on the order of microamps flows through the body and
the voltage is measured to assess the complex impedance of the tissue. Since the impedance
of the tissue depends on cellular and extracellular water content and body fat, BIA can be
used to assess Total Body Water (TBW), Extra Cellular Body Water (ECW), Body Cell Mass
(BCM), fat mass, as well as the amount of different elements around the cell like sodium,
protein, or potassium [1].
The measurement of bioimpedance requires dedicated electrodes for stimulation and
measurement. For appropriate measurements, at least two electrodes are needed, one for
injecting the current and one for measuring the resulting voltage. Some studies have used
this bipolar approach to measure the impedance of certain sections of the body in order to
estimate its internal characteristics [11]. However, the tetrapolar techniques, shown in
Figure 4, which use four electrodes where two of them inject the AC current into the body or
tissue and the other two measure the voltage, are now common. Tetrapolar techniques have
been shown to produce better results because there is no current flowing through the voltage
measurement electrodes as the injecting and measurement leads are separate. As a result,
the cable and interfacial contact impedance between the electrodes and the tissue are not
included in the tetrapolar measurements [12]. Some studies have also presented the use of
more than four electrodes, such as octapolar impedance measurements [13], [14]. The
electrodes can also be placed on various sections of the body, but the three most common
methods are the hand to foot method, foot to foot method, and hand to hand method [10]. This
project a prototype in tetrapolar configuration was developed for assessment of BIA of the
upper body using the hand to hand measurement method.
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Figure 4. Bioimpedance measurement model [15]

Complex bioimpedance (Z) is composed of a real and an imaginary component. The
real component of the bioimpedance mostly reflects the resistance (R) influenced by the total
body water in the tissues. The imaginary part is the reactance (Xc) that is produced by the
capacitance of the cell membranes. This impedance can also be expressed in terms of its
bioimpedance magnitude (|Z|) and phase (φ). The relationship between these components
are shown in the Equations (1) – (3) [4, p. 1], [10].

𝑍𝑍 = 𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗

(1)

𝑋𝑋𝑋𝑋

(3)

|𝑍𝑍| = �𝑅𝑅2 + 𝑋𝑋𝑐𝑐2
𝜑𝜑 = tan−1 � �
𝑅𝑅
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(2)

2.2.

Physiological Relevance of Bioimpedance

Bioimpedance measurement techniques are non-invasive, simple, portable, and safe.
Thus, they have growing popularity in health-related fields for monitoring and assessing a
wide variety of body functions and overall state of health of individuals. As explained in the
previous sections, the impedance of the body varies with the structure and the elements in
the tissues, and therefore it can be used to assess the elements present in and around the
cells. For bioimpedance analysis, a range of frequencies from 5 KHz to 1000 KHz are used
with those below 20 KHz generally considered low frequency and those above 50 KHz
considered high frequency [10]. At zero, or very low frequencies, the impedance represents
the resistance of the extracellular fluids and the concentration of their electrolytes that are
conducting the current. At infinite, or very high frequencies, the cell membranes behave as
capacitors and therefore the measured impedance represents the resistance of extracellular
fluids and the reactance of the intracellular fluids [4]. Since measuring impedance at such
extreme frequencies are not practical and safe, the Cole-Cole plot is used for predicting these
values [16]. Hence, by measuring bioimpedance at varying frequencies, and estimating the
extreme ends, one can gain a lot of useful information about the contents of a tissue and its
cells.
Since 60% of a human body is water, one of the obvious applications of BIA is assessing
the hydration status of the individual. A dehydrated individual’s body holds less water in
intracellular and extracellular fluids which leads to a change in the conductivity of the
tissues. Hydration analysis can have fitness applications for athletes, or health applications
for older adults, dialysis patients, soldiers, and workers spending long hours working in hot
and humid environments [2], [3], [10], [17]–[20]. Similarly, excess and/or deficiency of
8

different chemical substances like salt, fat, glucose, or potassium in the tissue fluids can
affect their concentration and water content which in turn changes the impedance. This type
of evaluation can also be used in health and nutritional applications [1], [11], [17], [21]. In
addition, unhealthy cells with degraded membranes fail to retain water. Therefore,
bioimpedance analysis can also be helpful in monitoring cell health and screening for
different tumors or cancer cells [5].

2.3.

Hydration Monitoring

Water plays an important role in the health and survival of human beings. It
comprises 60-65% of a man’s body weight and 50-54% of a woman’s [22], and is responsible
for various vital physiological functions. It is one of the main constituents of cells and
therefore affects their shape and structure. It acts as a lubricant in some sections of the body
like joint fluids and mucous secretions. 91.5% of blood plasma is also made up of water which
helps in maintaining blood volume and blood pressure. In addition, water is a solvent for a
lot of small molecules, minerals, vitamins, and glucose. It also serves as a transporting agent
for distributing oxygen and nutrients among different cells and excreting their waste. Water
is also either a medium or a participant in several chemical reactions that take place in the
human body [22]. Furthermore, humans are warm blooded creatures and therefore need to
maintain their body temperature within a degree or two of 37 °C for normal cellular functions.
Hyperthermia is defined as the condition when the core body temperature rises above 40.5
°C. It can present itself with sweating, flushing, tachycardia, fatigue, lightheadedness,
headache, and paresthesia, progressing to weakness, muscle cramps, oliguria, nausea,
agitation, hypotension, syncope, confusion, delirium, seizures, and coma. Similarly,
9

hypothermia is defined as the condition when the core body temperature falls below 35.0 °C.
Symptoms of hypothermia include shivering, respiratory depression, cardiac dysrhythmias,
impaired mental function, mydriasis, hypotension, and muscle dysfunction, which can
progress to cardiac arrest or coma [23]. Both conditions can be fatal and water plays an
important role in regulating the temperature of the body especially in the heat through
means like sweating [22]. Hence, water is a vital factor for survival, and needs to be
replenished regularly.
Both excessive and insufficient water intake have negative impacts on health.
Dehydration refers to a shortage of Total Body Water (TBW) and is a serious risk especially
for athletes and workers spending many hours in the heat. There are three types of
dehydration: hypertonic, isotonic, and hypotonic. This categorization is based on the amount
water and salt lost from the body. In hypertonic dehydration, more water is lost and there is
a greater sodium concentration present in the body. In hypotonic dehydration the situation
is reversed and more salt than water is lost from the body. Lastly, in isotonic dehydration,
an equal amount of water and salt has been lost [2]. Dehydration has many adverse effects
on internal systems and can disrupt the normal physiological functioning of different organs.
In a study conducted on male subjects, it was shown that neuromuscular and
metabolic functions of the muscles were altered during a moderately intense cycling
performance, when the subjects did not rehydrate regularly. The dehydrated subjects
exhibited a higher heart rate and lower muscle activation compared to the hydrated group
[24]. In a similar study, it was found that during a prolonged whole-body exercise in humans,
the combination of dehydration and hyperthermia caused reduced Left Ventricular (LV)
filling which can lead to an impaired Stroke Volume (SV) and, ultimately, a diminished
cardiac output [25].
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Other papers have also studied the effects of dehydration on neuromuscular functions.
They observed greater carbohydrate oxidations and glycogen use in the muscles in
dehydrated subjects, which relates to higher energy consumption. Additionally, the same
subjects also showed a greater muscle Hsp72 protein after a time trial cycling exercise. Heat
shock proteins (HSPs) are a group of highly conserved proteins present in all cells and
expressed in low concentrations in the basal state. Higher Hsp72 concentrations in the
muscle can suggest that the muscle cell is under greater stress. Consequently, the dehydrated
subjects demonstrated impaired muscular strength-endurance, worse performance in the
trials of the experiment, and an increased perception of fatigue [26], [27].
The harmful consequences of dehydration are not just limited to the physical aspects
of the human body. 75% of the human brain is comprised of water and therefore its
functioning can be affected by dehydration as well. Some studies show that hydration and
cognitive performance are correlated. Severe dehydration has been shown to cause
undesirable effects on vigor, esteem-related matters, short-term memory, attention, visual
perceptual abilities, mood, and reaction. Moreover, rehydration after water supplementation,
can improve the mentioned factors immensely [28], [29].
It can be seen that dehydration has many adverse effects on health in both physical
and mental aspects and needs to be avoided. The human body does possess self-stabilizing
mechanisms for detecting and resolving dehydration. It can detect dehydration based on the
plasma osmolality which is an estimation of the osmolar concentration of the plasma. This
concentration is affected by plasma glucose, blood urea nitrogen, and sodium [30]. An
increase of 1% or more in the plasma osmolality leads to the release of antidiuretic hormone
(ADH), which leads to an increase in the reabsorption of water by the kidneys. Moreover,
with more severe dehydration (total body weight loss of 1-3%) there is an increased osmotic
11

pressure of the Extracellular Fluids (ECF). This increased pressure along with the elevated
ADH levels can induce a sense of thirst in the individuals which forces them to drink more
water. However, this is not a perfect mechanism. Natural thirst occurs after the body has
already entered the dehydration stage and is satisfied before it becomes fully rehydrated
again [2], [31]. Therefore, we cannot completely rely on thirst for avoiding dehydration and
we need a more elegant and convenient detection solution that can be implemented by the
average person. The integration of embedded monitoring in objects of everyday use would
allow seamless monitoring throughout the day and facilitate real-time warning for users.
Total Body Water (TBW) is made up of Extracellular Water (ECW) and Intracellular
Water (ICW) [2], [18], [20], [22]. ECW makes 40% of the TBW and is found in the ECF which
reside outside of the cells. Some fluids that fall under ECF are plasma, interstitial fluid, and
other transcellular fluids such as cerebrospinal fluid, synovial fluid, and vitreous humour.
On the other hand, ICW composes the other 60% of TBW and is found in Intracellular Fluids
(ICF) which are a major component of the cells’ structure [31]. Figure 5 represents the
organization of ECF and ICF around a few cells.

12

Figure 5. Organization of ECF and ICF in a tissue

ECF and ICF are separated by a semi-permeable membrane covering the cell. A semipermeable membrane allows water and only some particles to flow through it. The flow of the
fluids depends on the osmolarity of the ECF and the ICF, and is controlled by a family of
transmembrane proteins called Aquaproteins or AQPs [31]. Osmolarity of a fluid or a solution
describes the concentration of the particles or solutes present in that solution. A fluid with
low osmolarity has a greater number of water molecules compared to its particle molecules,
and a fluid with high osmolarity has a smaller number of water molecules. The osmolarity of
the body fluids needs to be maintained within a narrow range for suitable functioning of the
cells. Additionally, the osmolarities of ECF and ICF are directly proportional to the
concentration of water in them or the amount of ECW and ICW. Therefore, changes in TBW
13

can disturb the delicate balance present in and around the cells, and can cause adverse effects
[2], [31], [32].

2.3.1. Existing Approaches to Hydration Monitoring
There are several methods for assessing the hydration level in an individual and
detecting dehydration [2]. The most common methods for hydration monitoring include:
•

Measurement of total body weight

•

Monitoring of hydration symptoms

•

Using isotope tracers or isotope dilution

•

Analysis of blood or urine

•

Bioimpedance measurements
Dehydration, or loss of TBW, is usually measured in terms of loss in body weight.

Therefore, a good assessment technique must be able detect fluctuations within 3% of the
TBW, or 2% of the body weight of an average individual to produce useful results [2].
The most commonly used approach for assessing hydration is monitoring of symptoms
shown by the individual. The most obvious symptom is thirst, however, as discussed in the
previous section, it is not the most reliable one. In addition, thirst can be influenced by
psychological and social cues, and is very inconsistent in older people [2], [33]. Heart rate is
another feature that can be used to evaluate hydration status. Dehydrated individuals have
been shown to have a higher heart rate metabolism, and lower heart rate variability which
implies an elevated beats per minute[34]. An increase of 20 beats per minute in heart rate is
a common threshold when going from lying to standing, and greater elevations could indicate
dehydration [2], [35]. The sensitivity of a method refers to the percentage of the positives that
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were detected correctly, and the specificity refers to the percentage of negatives that were
detected correctly. Studies also show that assessing hydration based on heart rate changes,
has an accuracy of only 67% which includes a high specificity of 90% but a low sensitivity of
only 44% [35]. This shows that one out of every three individuals could be misdiagnosed using
this method. There are also other physical and clinical symptoms associated with
dehydration such as dry mucous membranes, longitudinal furrows on the tongue, speech
incoherence, extreme weakness, dry axilla, low systolic blood pressure, poor skin turgor, and
sunken eyes. However, none of these methods are reasonably accurate on their own.
Moreover, some of them show poor results for older adults, and could be affected by other
social, psychological, and physical factors. In terms of dehydration symptoms, two or more
methods are usually implemented together to assess an individual’s hydration status [2].
Isotope dilution is another highly reliable method used often as the gold standard for
hydration assessments. This technique relies on the internal equilibrium of the fluids in the
body. The procedure for this technique involves introducing a known amount of a stable
isotope into the body and later analyzing its volume from excreted urine. Before analysis,
about three to five hours waiting time is allowed for the body fluids to reach an equilibrium
state. Some of the general isotopes used in this technique are deuterium (2H), deuterium
oxide (2H2O) and oxygen-18 (18O). The hydration analysis depends on the initial and final
plasma volume and concertation, physical features of the subject such as height or weight,
and physical and chemical characteristic of the isotope [2], [19]. Even though this method can
produce excellent measurements, it cannot be performed by an average individual as it is
inconvenient, cost prohibitive, and requires lab equipment, and rare isotopes. Additionally,
it cannot provide the final results quickly and in real-time since it requires three to five hours
for equilibration.
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As discussed earlier many features of the blood, such as osmolarity and osmotic
pressure change, as the body enters a dehydration state. Therefore, the hydration level of the
body can also be determined by analyzing the blood as well. Moreover, various examination
methods of the urine can also determine the hydration status of an individual. Urine
osmolality, specific gravity (USG), and color are some common examples of urine features
used during hydration evaluations. Urine osmolality refers to the concentration of the solutes
in the urine, and measurement of more than 1000mOsm/L is usually observed in dehydrated
individuals. Similarly, USG is related to the concentration of the urine and is the ratio of the
weight of the urine and the weight of the distilled water with the same volume. Healthy
individuals often present a USG of 1.02 or lower. Furthermore, the color of the urine is a
lesser reliable factor where more dehydrated individuals have a more golden urine [2], [19].
Just like isotope dilution, in order to make accurate estimations using blood and urine
analysis, an expert’s assistance and more advance equipment are needed. Therefore, these
methods are also infeasible and inconvenient for real-time hydration estimations.

2.4.

Assessment of Hydration using Bioimpedance

As discussed, dehydration can have harmful effects on the physical and mental wellbeing of individuals, and can even be fatal in extreme cases. Therefore, reliable hydration
assessment techniques are an absolute need for clinical and at home monitoring.
Armstrong demonstrated that the common gold standard techniques like isotope
dilution do not necessarily provide accurate measurements [36]. He relates these
inaccuracies to the fluctuation of the fluids the compartments of the body throughout the day,
especially for those subjected to extreme activities and exercises. He further argues that a
novel hydration assessment method should be non-invasive, portable, safe, simple to use, and
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provide reliable and accurate real-time measurements of fluid volume and concentration. One
of the main applications of bioimpedance measurements is the assessment of total body water
and hydration level of the user. Since bioimpedance techniques satisfy most of the
requirements, there exists an extensive amount of research and literature on them.
Deurenberg et al. [37] demonstrate the possibility of ECW and TBW predictions with
bioimpedance measurements. They implemented their experiments with lower frequencies
of 1 KHz and 5 KHz, and higher ones at 50 KHz and 100 KHz. In addition, the measurements
were validated with isotope dilution techniques. Their prediction errors for ECW and TBW
were 1.0 and 1.7 kg respectively with a variation coefficient of about 5%. Moreover, they also
discussed the flow of the current through the cells at various frequencies. They mentioned
that the current was not able to penetrate the cell membranes completely even at 100 KHz,
and at 1 KHz it did flow through some of the cells as well. As a result, they argued that the
ratio of impedance at low and high frequencies does not strongly correlate to ECW and TBW
ratio or body water distribution.
Francisco et al. [20] assessed the water distribution in 273 athletes using
bioimpedance at 50 KHz. They also used the common gold standard of isotope dilution for
validating their results. The authors measured complex bioelectrical impedance using a
bioelectrical impedance spectroscopy (BIS) analyzer, and analyzed resistance (R), reactance
(XC), and phase angle (ϕ). It has been shown that higher values of ϕ correlate to higher ICW
and TBW. In addition, subjects with higher TBW presented higher R values, and those with
lower ECW expansion and higher ICW pools showed greater XC values. Moreover, Jemaa et
al. [17] and Matias et al. [18] provide formulas for predicting water content in various
demographic groups. It is important for the BIA equations to be always tested and validated
for the demographic group under study [38].
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Bioimpedance analysis is not limited to only hydration applications. Di Somma et al.
[39] shows excellent results for using bioimpedance vector analysis (BIVA) for identifying
congestive acute heart failure (AHF) in patients with acute dyspnea. BIVA is a novel method
that can estimate the hydration status based on the height index resistance and reactance
data in the graph shown in Figure 6. This graph displays the 50%, 75% and 95% tolerance
ellipses that determine the increasing or decreasing hydration ratio based on the position of
the major vector with respect to the 50% ellipse [10]. The analysis of Di Somma et al. [39]
was based on the fact that AHF patients present more TBW content in their body.
Additionally, bioimpedance results can be used to measure cell health since unhealthy cells
fail to hold sufficient fluids in them. Sun et al. [5] uses this concept for screening and
detecting tongue cancer. They were able to observe a significant difference between the
healthy and unhealthy cells at both 20 Hz and 50 KHz frequencies. Bioimpedance values can
also be used to analyze other elements in the body such as fat mass, fat free mass and glucose
[10], [11], [17], [21].

18

Figure 6. Bioimpedance vector analysis (BIVA) and tolerance ellipses [10]

Bioimpedance techniques are rising in popularity because they are convenient, fairly
inexpensive and can be easily implemented. The only thing that the user needs to do is to
touch or attach the electrodes, and wait for a few seconds. No special lab equipment, skills,
or rare isotopes are needed to perform the analysis. In addition, as it has been shown in the
literature, it provides quite accurate measurements. However, this method is not without its
flaws. There also have been studies that show these methods are less accurate outside of
ideal lab conditions, where sweat, body temperature, dust, humidity, electrode size and
placement, and posture can affect the results [2]. In addition, consumption of food can
decrease the impedance of the body over a period of up to 4 hours and result in small errors
in the readings [38]. Some studies also show that changes smaller than 1000ml cannot be
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detected by this method, and multiple measurements at short time intervals are needed in
order to produce reliable results [19]. However, Leonov et al. [40] demonstrate the feasibility
of using a wearable bioimpedance sensor for hydration monitoring. They present hydration
assessments with a sensitivity of about 700ml over a period of time using a custom wearable
BIA sensor. They exhibit the use of electrodes with high impedance values, and frequently
repeated measurements at various postures for overcoming the adverse factors affecting
bioimpedance readings. Such methods were implemented in their study to improve the
stability of the data, and can help others to enhance their results as well.

2.5.

Survey of Commercially Available Monitors

Many sensors and devices already exist in the market for bioimpedance
measurements. SOZO by Impedimed is an example of such commercially available products
[41]. As shown in Figure 7, SOZO is a 51.1 inch tall and 17.5 inch wide device with eight
stainless steel electrodes. Four of the electrodes are located on SOZOstep for the user’s feet,
and the other four are on the SOZOtouch where the user’s hands are placed. A tablet can be
positioned on the stand for the user to interact with the device by using the SOZOapp. This
device can perform measurements in less than 30 seconds at 256 frequencies ranging from 3
KHz to 1000 KHz. It can provide various impedance related data about the user such as total
body water content including ECF and ICF, fat free mass, fat mass, skeletal muscle mass,
body mass index (BMI), and basal metabolic rate (BMR). [41].
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Figure 7. SOZO by Impedimed [41]
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QUADScan4000 by Bodystat is another commercially available product for
bioimpedance measurements [42]. As it can be seen in Figure 8 and Figure 9, QUADScan4000
uses four electrodes that can be placed on the hands or feet for segmental and whole body
measurements. It can provide measurements in 3 seconds at four different frequencies of 5
KHz, 50 KHz, 100 KHz, and 200 KHz. It connects to the computer via a USB cable and can
communicate with its software Body Manager Platinum. The software can provide different
instructions to the user and display the requested results. Just like SOZO, it can also provide
various measurements and the normal healthy ranges for those measurements. This device
can evaluate total body water content, ECF and ICF, fat weight and percentage, lean muscle
mass and percentage, waist/hip ratio, BMI, and BMR. [42].

Figure 8. Bodystat QUADScan4000 equipment [42]

22

Figure 9. Bodystat body manager platinum software [42]

2.6.

Integrated Controllers and Analog Front Ends for BIA

Integration of analog signal conditioning circuits provides significant reduction of
noise, board space and power consumption in embedded sensors. Analog Front Ends (AFEs)
use operational or differential amplifiers to amplify and filter the signal of the sensors for the
analog to digital converter (ADC). Most contemporary sensor boards integrate a fully
functional AFE combined with the ADC [43], and digital interface with the controller. Some
AFEs even provide integrated controllers that can perform some high level functions with
the data stream. Three of the major companies selling integrated controllers are Texas
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Instruments, Maxim Integrated, and Analog Devices Inc. These companies also provide
custom embedded solutions for real-time monitoring of body impedance. They have developed
commercially available integrated controllers and analog front ends for complex
bioimpedance analysis. All companies also provide evaluation kits and boards that can be
used for research and development.

2.6.1. Texas Instruments
As of October 2020, Texas Instruments provides twenty-five products and designs
with AFEs for a large variety of applications [44]. Electrocardiography (ECG) and
electroencephalogram (EEG) sensors, digital X-ray detectors, pulse oximeters, automotive
radars, and bioimpedance sensors are just a few examples of the sensors that are included in
these products. This project used the AFE4300 sensor and its evaluation kit for bioimpedance
measurements.
The AFE4300 is a low-cost analog front-end incorporating two separate signal chains
for weight scale (WS) measurements, and body composition (BCM) measurements. Only the
BCM measurement feature of the sensor was used in this project. The board provides this
measurement by applying a sinusoidal current into the body. This signal is generated
internally by a 6-bit, 1-MSPS digital to analog converter (DAC) and is applied between two
terminals. The resultant voltage caused by the current and the impedance of the body is
measured back by the same or different terminals using a differential amplifier, and its
amplitude is extracted and measured by a 16-bit ADC. The BCM measurements can be
obtained by two different modes of assessment of complex impedance: Full Wave Rectifier
(FWR) mode and I/Q Demodulation (IQ) mode. In FWR mode the sensor provides only the
magnitude of the impedance of the testing system whereas in the IQ mode, it measures the
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real and the imaginary components of the complex impedance of the system. Figure 10
provides the functional block diagram of the AFE4300. The main features of the controller
associated with BCM Measurements [9] include:
•

Support for up to 3 tetrapolar complex impedance measurements

•

6-Bit, 1-MSPS sine-save generic DAC

•

375-μA RMS, ±20% excitation source

•

Dynamic range: 0 Ω to 2.8 KΩ

•

0.1-Ω measurement RMS noise in 2-Hz BW

•

Body composition measurement: 970 μA

•

ADC: 16 bits, 860 samples per second

•

ADC supply current: 110 μA

Figure 10. Functional block diagram for Texas Instruments AFE4300 [9]
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2.6.2. Maxim Integrated
Maxim Integrated also sells devices that include an AFE along with a sensor.
MAX30001, MAX30002, MAX30003 are examples of such devices. Maxim’s MAX30001 [45]
and MAX30002 [46] are complete, bioimpedance, analog front end solutions for wearable
applications. They can be purchased with their evaluation kit MAX30001EVSYS [47] for
evaluating functionality and features. MAX30001 is a more capable sensor with additional
built-in functionalities such as providing ECG waveforms, and heart rate and pacemaker
edge detections. They both can be used for monitoring respiration, hydration, heart rate and
other bioimpedance related features in fitness and clinical applications. However, unlike the
AFE4300, these controllers do not have two modes of operation (FWR and IQ) providing the
magnitude, real, and imaginary components of the impedance at a given frequency. The
functional block diagrams for these two boards are provided in Figure 11 and Figure 12. The
MAX30003 is a single biopotential channel providing ECG waveforms and heart rate
detection. It can be used for monitoring heart rate for at-home or in-hospital applications
[48]. The block diagram of this device is represented in Figure 13.
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Figure 11. Functional block diagram for Maxim MAX30001 [45]
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Figure 12. Functional block diagram for Maxim MAX30002 [46]

Figure 13. Functional block diagram for Maxim MAX30003 [48]
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2.6.3. Analog Devices
Analog Devices Inc. developed a line of controllers/AFEs for BIA: ADPD4000 [49],
ADPD4100, and ADPD4101 [8]. These devices have two or more sensors on the same product
along with an AFE. The wide range of sensors on these products include heartbeat sensors,
motion sensors, bioimpedance sensors, and CO2 sensors. In addition to fitness application
and health monitoring, they can also be used for detection of dangerous gases like carbon
monoxide and CO2 [8], [49]. However, they also do not employ a demodulator like AFE4300
for breaking down the impedance to its real and imaginary parts. The block diagrams of these
devices are shown in Figure 14 and Figure 15.

Figure 14. Functional block diagram for ADPD4000 [49]
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Figure 15. Functional block diagram for ADPD4100/ADPD4101 [8]
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Chapter 3: A Real-Time Embedded Monitoring of
Bioimpedance
The great demand for a novel bioimpedance measurement technique is evident. Not
all of the current methods possess the characteristics of a novel technique. The literatures
presented in this document have gathered their results in ideal laboratory conditions. It was
also mentioned that in order to obtain accurate results, multiple real time measurements are
needed. Commercial devices like SOZO can provide real time measurements but are not
portable and cannot perform the measurements seamlessly. In a similar way,
QUADScan4000 can become inconvenient at times as the user needs to attach and remove
the electrodes for each measurement.

3.1.

System Architecture and Hardware Design

The block diagram of the prototype for this project is illustrated in Figure 16 and the
real system is shown in Figure 21. It was developed by using a water bottle, a Teensy LC,
and a Texas Instruments AFE4300 board. Four electrodes were placed on the water bottle
where the user holds the bottle with both hands. The electrodes are connected to four
terminals on the AFE4300 board. Two of the terminals generate the current that gets passed
through the body and the other two measure the voltage caused by that current. The
AFE4300 board is controlled by an Arduino Teensy LC. The Teensy LC is responsible for
providing power, clock, and the configurations required by the AFE4300 board. Additionally,
a windows application with a Graphical User Interface (GUI) was developed for the user to
configure the system and collect records. The GUI allows the user to input their desired
configurations and view the final results in the specified format. Possible output formats are
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viewing final results on the screen, saving records in a Comma Separated Values (CSV) file
format containing raw and calibrated values with a time stamp, and a real time plot of the
measurements. The GUI and the Teensy LC communicate with each other through Bluetooth
where the GUI sends the configuration values to Teensy LC and receives the expected
outputs for display.

Figure 16. Prototype block diagram

The hardware components in this prototype includes a water bottle with copper
electrodes, a Texas Instruments AFE4300 sensor [9], a Teensy LC microcontroller [50], and
a Sparkfun Bluetooth Mate Gold module [51], as shown in Figure 21. Each of these
components are discussed in more detail in subsequent sections.
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3.1.1. Water Bottle
The bottle houses an embedded microcontroller and has electrodes used for the
measurement of bioimpedance. For initial development and testing just a standard water
bottle was used (SubZero, Saint Louis, MO). Four copper electrodes (adhesive copper tape)
were placed on the bottle such that the user can hold the bottle comfortably without the hands
touching each other. For measurements, two copper electrodes provide stimulation using
alternating current and the other two measure the voltage generated by the impedance of
the upper body. Each electrode is connected to a dedicated terminal on the AFE4300 sensor
via a wire. Images of the bottle setup and its use are shown in Figure 17 and Figure 18. At a
later stage of development, a custom smart bottle with embedded electrodes will be used. The
smart bottle will contain at its base the embedded microcontroller with Wi-Fi wireless
interface and hydration sensor and provide real time health monitoring of the user.

Figure 17. Electrode placements on the water bottle
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Figure 18. Positioning of the hands on the water bottle to facilitate BIA

3.1.2. Texas Instrument AFE4300 Sensor
AFE4300 [9], described in section 2.6.1, is an analog front end device by Texas
Instruments capable of bioimpedance measurements. It can operate in the two modes of Full
Wave Rectifier (FWR) mode and IQ mode. In the FWR mode it only measures the magnitude
of the impedance whereas in the IQ mode, it returns and real (I) and imaginary (Q)
component of the complex bioimpedance with the help of a demodulator. This is an important
feature of the sensor, since hydration analysis requires both components, not just the final
magnitude. Imaginary component of the complex impedance is particularly sensitive to the
water content in tissue.
AFE4300 supports up to three bioimpedance measurement channels, and uses three
pairs of stimulation terminals (six IOUT signals) and three pairs of voltage monitoring
terminals (six VSENSE signals). The IOUT terminals output the alternating current into the
system under test, and the VSENSE ones obtain the voltage across them. Two of the
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electrodes on the bottle are connected to two IOUT terminals, one for positive and one for
negative end of the circuit, and the other two are connected to two VSENSE terminals. These
terminals are show in Figure 19. When the user holds the bottle with both hands, the circuit
is completed and bioimpedance measurements can be made.

Figure 19. VSENSE and IOUT terminals on the AFE4300 board

The AFE board is also controlled by the microcontroller board, Teensy LC [47]. The
microcontroller provides regulated power supply, device clock for the sensor, serial (SPI)
channel, and reads a RDY signal from it which indicates that the ADC values are ready to be
read. These connections are shown in Figure 20. These two boards also communicate with
each other through SPI where Teensy LC is the master and the sensor is the slave. SPI is a
synchronous mode of communication where the nodes share four lines:
•

Clock (SCLK): The shared serial clock provided by the master controller (Teensy LC)

•

Slave In Master Out (SIMO): This line is used for sending the required configuration
to the AFE board from the controller. The user can configure the board through the
GUI which communicates with Teensy LC via Bluetooth.
35

•

Slave Out Master In (SOMI): This line is used for sending the final data values from
the AFE board to Teensy LC. Teensy LC can then process these results with the GUI
and display or save them for the user accordingly.

•

Slave Enable / Chip Select (STE/CS): This line is mainly used when there are multiple
slaves connected to the master. However, even though the AFE board is the only slave
in this setup, for proper outputs, we enable the slave at the beginning of every
communication and disable it at the end.

The AFE board has fifteen 16-bit registers, 14 for control and configuration of the chip
and one for data [9]. The user can change the values that are written to these registers in the
monitoring program. Appendix A lists the registers in the board and their purposes.

3.1.3. Teensy LC
A Teensy LC is the main controller in this setup. The controller communicates with
the GUI through the Bluetooth (BT) module and with the AFE4300 sensor through SPI. The
Teensy LC and the BT module communicate in the UART mode. In addition to controlling
the AFE configuration, the controller features a voltage regulator that supplies power and
the device clock to the sensor. The clock is merely a square pulse width modulated (PWM)
signal with a 50% duty cycle. The default generated clock is 1 MHz; however, certain
limitations of the sensor in IQ mode require adjusting this frequency to obtain the required
DAC frequencies, as explained in the next chapter. Figure 20 represents the hardware setup,
and Table VIII in the appendix lists the Teensy LC pins used in our prototype and describes
their connections and purposes.
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Figure 20. Overall setup of the hardware components

3.1.4. Sparkfun Bluetooth Mate Gold Module
This Bluetooth module is able to communicate with the Teensy LC in UART mode and
with the GUI software wirelessly through Bluetooth [51]. The only pins that are connected
between the modules and Teensy LC are power supply, ground, receive and transmit lines.
The connections are displayed and described in Figure 20 and Table VIII.
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Figure 21. Prototype setup

3.2.

Measurement Setup

The design uses a smart water bottle to perform bioimpedance measurements. As
shown in Figure 17 and Figure 18, there are four electrodes attached to the outer surface of
the bottle. The user touches the electrodes by holding the bottle with both hands as shown in
Figure 18. The embedded microcontroller can detect touch and start measuring the
bioimpedance of the user by injecting an alternating current through stimulation electrodes
1 and 4 and monitoring the resulting voltage through electrodes 2 and 3. In this manner, the
bioimpedance measurements can be done as seamlessly as drinking water. Other than
holding the water bottle for a few seconds, no extra attachments or steps are needed.
Moreover, we have designed software that allows the user to interact with the bottle and view
the results. These two units communicate with each other wirelessly via Bluetooth. Such a
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system can provide IoT enabled health monitoring applicable in many applications. For
instance, the athletes and workers can monitor their hydration status every time they drink
water from their bottles. The fitness equipment can be extended to include a similar setup,
and provide hydration analysis in addition to heart rate monitoring, not only on the bottle,
but on the equipment as well. With the same idea we could also place the electrodes on the
walkers used by older people and monitor their health continuously and in real-time.

3.3.

Software Design

Operation of the system is supported by two software components developed as a part
of this project:
•

Windows GUI monitor and control program.

•

Embedded program on microcontroller

3.3.1. Windows Application
The main software component for this project is the windows application GUI that
was developed using C# and the .NET framework. The GUI allows the user to choose the
desired configuration and view the final results. The other software components include a C
program for the Arduino and the protocol used for communication between the two
applications.
The Windows application is made up of four tabs. They are enabled and disabled
accordingly as the user progresses through the sensor setup. In each tab, the options and
selections are enabled at appropriate times to prevent usage errors. For example, the user
cannot read measurements before connecting to Bluetooth. Finally, there exists a status bar
39

at the bottom of the application announcing the changes and the success or failure of each
step. The four tabs of the GUI are described in more detail in the following sections:

3.3.1.1.

Configuration Tab

This is the first tab in the GUI. At the start of the application, this is the only tab that
has been enabled. This tab features the basic Bluetooth and AFE4300 configurations.
Initially, everything in the tab is disabled except serial port selection. A drop down menu
allows the user to choose the COM port for serial Bluetooth communication. After selecting
the COM port, the Connect button is enabled allowing the user to initiate the connection.
Upon successful establishment of a connection, the other buttons and text boxes regarding
the basic configuration of the sensor are enabled, and the Connect button becomes a
Disconnect button. The user can use a radio button to select the mode of operation, and six
text boxes to configure the basic registers in the sensor. Default values of basic registers are
read from an INI text file in the same program directory. Default values can be changed
manually. After writing the desired values, the user can click on the Configure button at
which point the program sends these values to the Teensy LC through BT and waits for an
acknowledgement message. After successful configuration, the Calibration tab is enabled. In
the meantime, the status bar constantly gets updated with appropriate messages. In addition
to the status bar, some colorful buttons are placed next to the buttons reflecting the status of
the action for which the button is responsible. The red color indicates that the action failed,
or the button is not enabled yet. Green signifies that the action completed successfully and
yellow suggests that the action has to be started due to a change in settings. Figure 22, Figure
23, and Figure 24 display different stages of the Configuration tab.
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Figure 22. Configuration tab: Initial configuration where a serial COM port must be selected first

Figure 23. Configuration tab: Successful connection has been established; AFE configuration elements
are enabled and loaded with default values from INI file; Connect button has changed to a disconnect
button
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Figure 24. Configuration tab: Successful configuration (green status next to configure command);
calibration tab is now enabled

3.3.1.2.

Calibration Tab

This tab consists of two drop down menus, a button, and a few text boxes, and labels.
The drop-down menus allow the user to choose the on board resistors for the calibration step.
The calibration step of the project is discussed in more detail in the next chapter. Whenever
one of the resistors is chosen, the register values corresponding to that resistor are loaded
into the application. After choosing both the resistors from their respective menus, the
Calibrate button gets enabled. When the user clicks on that button, the application sends the
selected configuration to the Teensy LC and the calibration process begins. During this time,
all the buttons and tabs are disabled until all the constants are evaluated. This process
provides the calibration constants for the three frequencies of 5 KHz, 50 KHz, and 90 KHz
for both the operation modes of FWR and IQ. The significance of calibration constants and
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the choice of the three frequencies are also explained in the next chapter. As the constants
are calculated, their respective text boxes are loaded with values which are then used in the
measurements step. These text boxes are read only and therefore cannot be modified by the
user. After successful execution, all the text boxes are loaded with their calibration constants,
the GUI gets updated with appropriate colors and messages, and the Measurements and Plot
tab gets enabled. The application also writes the final constants and raw ADC values used
for calculating them into two separate .csv files. They are named CalibRaw_ and
Calib_Consts_, respectively followed by the time stamp which includes the date and time up
to seconds. Figure 25, Figure 26, Figure 27, and Figure 28 display different stages of the
Calibration tab.

Figure 25. Calibration tab: Initial state where the user needs to choose the resistors for calibration
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Figure 26. Calibration tab: Both resistors have been selected and the calibrate button has been
enabled

Figure 27. Calibration tab: Calibration process has been started; everything is disabled until the end
of the Process; Text boxes get loaded with their respective values once their constant has been
calculated
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Figure 28. Calibration Tab: The calibration process has been completed successfully; all the text boxes
contain their calibration constants; the data are also stored in the files shown in status bar; other tabs
have been enabled

3.3.1.3.

Measurements Tab

The Measurements Tab presents different measurement options and measurement
result to the user. It allows the user to choose the channel which determines what current
source (IOUT) and voltage input (VSENSE) channels are used for measurements. In addition,
they can select the frequency of operation from a drop-down menu. Moreover, they can also
choose whether they want to perform single or multiple measurements. In the case of
multiple measurements, they can enter the number of desired samples, and the average of
those samples will be displayed as a result. By default, channel 1, a frequency of 5 KHz, and
multiple measurements with 1000 samples are loaded into the application from the INI file.
After selecting the desired options, the measurement process is started by clicking on the
Measure command button. This sends a message with measurement configuration to the
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Teensy LC and disables all other functions until the measurements are complete. Four text
boxes in this tab represent the final results of the measurements. Two of the boxes display
the raw I and Q values of the complex impedance. The other two present the final calibrated
magnitude and phase of the system under test based on the corresponding calibration
constants calculated in the previous tab. The calibration of final results is explained in the
next chapter. A label is available in this tab that indicates the mode of operation that was
selected in the configuration tab. Since in the FWR mode there are no Q or phase values,
those boxes get populated with “N/A”. Figure 29, Figure 30, Figure 31, and Figure 32 display
different measurement stages of the Measurement tab while measuring the impedance of a
100Ω resistor connected to channel 1.

Figure 29. Measurement tab: Initial state; The options are loaded with default values
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Figure 30. Measurement tab: Single measurement performed on a 100Ω resistor connected to channel
1 at 50 KHz in FWR mode

Figure 31. Measurement tab: Performing measurements with 250 samples; command and text boxes
have been disabled until the measurement is complete
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Figure 32. Measurement tab: Multiple measurements performed on a 100Ω resistor connected to
channel 1 at 90 KHz in IQ mode; Raw measurements (ADC Values) and calibrated values (magnitude
and phase) have been presented.

The Measurement tab also includes a scan feature that can be selected from the
frequency drop down menu. This feature was added after limitations of the sensor in the IQ
mode came to light. By selecting this option, the Measure button becomes the Scan button
and all the other elements get updated accordingly. In this mode only multiple measurements
can be performed, but the user is able to enter the number of requested samples. The results
of this feature are not displayed in the GUI but rather are written to external files. The name
of those files containing raw and final calibration constants, and raw and calibrated
measurement values, are displayed in the status bar. In this mode, the sensor constantly
scans the three frequencies of 8 KHz, 16 KHz, and 32 KHz for each sample, until the desired
number of samples are read. During the scan, the program uses the calibration constants for
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each frequency calculated during the calibration phase. All control fields are disabled until
the scanning process has been completed. Figure 33, Figure 34, Figure 35, and Figure 36
display scanning stages of the Measurement tab.

Figure 33 Measurements tab: Automatic scan option selected from the drop-down menu

49

Figure 34. Measurements tab: Calculating the calibration constants for the required frequencies;
everything has been disabled until the end of the process

Figure 35. Measurements tab: The calibration constants have been calculated and written to the files
with names in the status bar at the bottom of the window; scanning of the external complex impedance
starts next
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Figure 36. Measurements tab: Scanning has been completed successfully. Scan command and
“number of samples” text box have been enabled.

3.3.1.4.

Plot Tab

The plot tab is the last tab available in the application and allows the user to make
and monitor measurements in real-time. The X-axis displays the number of samples in the
sequence, and the two Y-axes represent magnitude and phase angle of the impedance. Only
200 samples at a time are displayed in the plot with their final calibrated magnitude and
phase. The magnitude is presented by a red line, and the phase is presented by a blue one.
The user has the option of allowing the plot to Auto Scale, or entering their own minimum
and maximum values for the Y-axes. Plotting begins when the Start button is clicked and
terminates whenever the Stop button is clicked. In addition to plotting, the application also
writes the raw and calibrated results along with their time stamp into a file. Plotting is
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disabled when the scan options is selected in the Measurements tab. Figure 37 and Figure 38
display some of the plots that can be obtained in this tab.

Figure 37. Real-time plot for measurements on a 100 resistor at 50 KHz in FWR mode with auto scale

Figure 38. Real-time plot for measurements on a 100 Ω Resistor at 90 KHz in IQ mode without auto
scale
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3.3.2. Arduino Software
The software in the Teensy LC is the middleware between the Windows application
and the sensor. It gets the configuration values from the Windows control program and sends
them to the user, and in return reads the ADC value from the AFE board and sends them to
the application for processing. The state diagram of the embedded program is shown in
Figure 39. After initializing the required pins and global variables, and setting up the serial
and SPI communications with the two sides, the controller enters a state machine where it
waits or reads a messages from one side and acts accordingly. This state machine consists of
five states. The transition of the states in the state machine is shown in Figure 40, and the
specific functionality of each state is described below:
•

WAIT_FOR_HEADER: This is the initial and default state. The program stays in
this state until a message header indicating the start of a new message has been
received.

•

READ_TYPE: In this state the type of the message is determined by reading the
byte received after the header. The message type determines how many additional
bytes to expect.

•

READ_REMAINING_BYTES: In this state the program reads all the expected
bytes for the message as determined in the READ_TYPE stage.

•

VERIFY_CHECKSUM: After receiving all the expected bytes, the checksum of the
message is verified to ensure correct communication. An “ACK” or “NACK”
message is sent back to the application based on the verification results. The
message gets processed in the PROCESS_PACKET state if the checksum is valid,
otherwise the program returns to the initial state and waits for the next message.
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•

PROCESS_PACKET: After verification, the message gets processed and
appropriate actions are taken based on the type of the message.

Figure 39. State diagram of the embedded program
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Figure 40. Communication state machine implemented in the embedded controller

3.3.3. Communication Protocol
The Windows application and Teensy LC communicate with each other at different
stages of the process, requesting and sending various data types. Therefore, a well-defined
communication protocol needs to be established between the two in order to accomplish our
goals at each step. Most of the messages in our design have the general format of:
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<Header><Message Type><Required information for this Type><Checksum>

The first byte of these messages is always a header value that is known by both
applications. In this project, the chosen header value is 0x55 (ASCII “U”) which signals the
start of a new message to both applications. The next byte of these messages indicates the
type of the message. Based on its value, the size of the message and the manner of its
processing are determined. The message type is followed by the actual useful information in
the message. All of these messages end with a checksum value that is used to verify the
integrity of the message at the receiving end. However, there are also special small messages
that get exchanged between the two applications. Such messages include the “ACK” and
“NACK” messages for checksum verification, and “STOP” message to terminate the plotting.
Different message types are described below, and their format is represented in Appendix C:

3.3.3.1.

CONFIG Message

This message type travels from the GUI to Teensy LC and it contains the values for
basic configuration registers in the AFE4300. This message is 16 bytes long and only an
acknowledgment value is expected in its return. After verification, Teensy LC writes the
values in the packet to their respective registers.

3.3.3.2.

CALIB, CALIB_AVG, and RAW_VAL Messages

This message type travels from the Windows application to the Teensy LC and it holds
the configuration values needed by the sensor to start the calibration process. This message
is 16 bytes long. When this message is sent, two types of packets are expected in return:
CALIB_AVG type which is 12 bytes long and contains the final calibration constants for the
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requested configuration, and RAW_VAL type which is 8 bytes long and holds the raw ADC
values that were obtained during the calibration process.

3.3.3.3.

MEAS_CON and MEAS_VAL Messages

MEAS_CON and MEAS_VAL messages are used during the measurement phase of
the process. MEAS_CON messages travel from the control program to the embedded
controller. They are 16 bytes long, and contain the configuration values needed for impedance
measurements. After measurements, MEAS_VAL messages are transmitted from the
controller to the Windows application. They are 8 bytes long and hold the average of raw
ADC values for the requested configuration. If multiple measurements were requested, the
average of the ADC results is calculated and sent back to the GUI.

3.3.3.4.

RT_MEAS_CON and RT_MEAS_VAL Messages

RT_MEAS messages behave similar to MEAS_CON and MEAS_VAL messages. The
only difference is that the GUI is requesting real-time ADC values instead of final average
values. Message RT_MEAS_CON is sent from the desktop control program to embedded
program; it is 14 bytes long. Message RT_MEAS_VAL going in the opposite direction, and is
12 bytes long.

3.3.3.5.

SCAN_CON and SCAN_VAL Messages

These message types are used when the scan feature is selected in the control
program. SCAN_CON is sent by the Windows application. It indicates that the scan option
has been selected, and contains the necessary configuration values. This message is 10 bytes
long. SCAN_VAL is sent from the sensor to the control application. It holds the real time
ADC values for the requested scan frequencies. This message is 20 bytes long.
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Chapter 4: Results
4.1.

Experimental Setup

After hardware integration and software implementation and testing, the sensor
allowed real-time measurements and archiving of signals. The system was validated on a test
circuit, followed by the pilot measurements on human subjects in both modes of operation
supported by the AFE controller. In the FWR mode, the sensor can provide currents with
frequencies ranging from 1 KHz to 256 KHz given that the device clock is 1 MHz. The set of
available frequencies is much more restricted in the IQ mode. In that mode the clock for the
demodulator is internally generated from the device clock and internal dividers. The
frequency of the demodulator clock should always be four times the frequency of the signal
generated by the DAC which is also the frequency of the current introduced to the user’s
body. According to Texas Instruments, the best results can be observed in IQ mode when the
device clock is at 1 MHz and the DAC frequencies are 8 KHz, 16 KHz, or 32 KHz. This is not
ideal for this project since measurements at higher frequencies, such as 50 KHz or 90 KHz
for TBW estimations are required, according to the open literature [4], [10]. Consequently,
since the device clock is supplied through a PWM signal, frequencies other than 1 MHz were
generated in order to meet the demodulator’s requirements. The corresponding configuration
values for 5 KHz, 50 KHz and 90 KHz are shown in Table I.
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Table I. Clock and frequency configurations for IQ mode

Configuration

Value
5 KHz

Device Clock Frequency

640000

BCM_DAC_FREQ

8 (8*640000/1024 = 5000)

Demodulator Clock Divider

32 (640000/32 = 4*5000)
50 KHz

Device Clock Frequency

800000

BCM_DAC_FREQ

64 (64*800000/1024 = 50000)

Demodulator Clock Divider

4 (800000/4 = 4*50000)
90 KHz

Device Clock Frequency

720000

BCM_DAC_FREQ

128 (128*720000/1024 = 90000)

Demodulator Clock Divider

2 (720000/2 = 4*90000)

Moreover, before any measurements can be done, the system needs calibration.
During this process, the system uses two of the four resistors on the sensor to calculate the
calibration constants. Then, these constants are used to convert the raw ADC values to
calibrated magnitude and phase measurements. In this step, 1,000 samples are read and
averaged for each on-board resistor. In the calibration tab, and at scan time, the calibration
constants for all of the desired frequencies are calculated. The steps involved in calibration
for FWR and IQ mode are listed below [15].
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Calibration steps in FWR mode:
1. The resistance of the on-board resistors Rx and Ry was measured by a Hewlett
Packard HP 3458A high accuracy multimeter.
2. A set of 1,000 ADC values for Rx and Ry in the desired frequency was read and
averaged to obtain raw Rx_adc and Ry_adc values.
3. The measured values were used for regression analysis to calculate the slope (M) and
the offset (C) as defined by Equations 4 and 5 respectively.

𝑀𝑀 =

𝑅𝑅𝑅𝑅−𝑅𝑅𝑅𝑅

𝑅𝑅𝑅𝑅_𝑎𝑎𝑎𝑎𝑎𝑎 −𝑅𝑅𝑅𝑅_𝑎𝑎𝑎𝑎𝑎𝑎

𝐶𝐶 = 𝑅𝑅𝑅𝑅 − (𝑀𝑀 ∗ 𝑅𝑅𝑅𝑅_𝑎𝑎𝑎𝑎𝑎𝑎)

(4)

(5)

4. The impedance across the sample network is measured by obtaining the ADC_value
of the voltage input.
5. Now, the calibrated magnitudes can be calculated using the constants and the raw
values from the previous steps. Magnitude is defined in Equation 6.

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑀𝑀 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴_𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 + 𝐶𝐶

(6)

Calibration steps in IQ mode:
1. The high precision resistance of the on-board resistors Rx and Ry is measured by a
Laboratory multimeter (HP 3458A).
2. A set of 1,000 ADC values of I and Q for Rx and Ry in the desired frequency are read
and averaged to obtain raw Rx_adc_I, Rx_adc_Q, Ry_adc_I, and Ry_adc_Q values.
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3. The magnitude and phase of the resistors are evaluated as defined by Equations 7
and 8 respectively.

𝑀𝑀𝑀𝑀𝑀𝑀 = �𝐼𝐼 2 + 𝑄𝑄2

𝑄𝑄
𝑃𝑃ℎ𝑎𝑎𝑎𝑎𝑎𝑎 = tan−1 � �
𝐼𝐼

(7)
(8)

4. The I and Q values across the sample network are measured to obtain the raw
magnitude and phase.
5. The magnitude is calibrated similar to steps 3 and 5 in FWR mode.
6. Phase is calibrated by subtracting the calculated phase of one of the resistors form the
results.

4.2.

Theoretical Analysis of the Equivalent Circuit

The theoretical behavior of the equivalent RC circuit representing human body, is
presented in Figure 2. Based on preliminary measurements of body impedance between
hands and existing literature [40], we selected the values R1=1,000 Ω, R2=1,200 Ω, and C=22
nF. The Cole-Cole representation of real and complex impedance of the equivalent circuit for
frequencies 100 Hz – 100,000 Hz is represented in Figure 41. This representation is
significant for estimating the impedance values at extremely low and high frequencies, which
correlate with the amount ECW and TBW respectively.
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Cole-Cole Representation of Complex Impedance
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Figure 41. Cole-Cole representation of real and complex impedance of the body’s equivalent RC circuit;
Frequency range from100 Hz (upper right corner) to 100,000 Hz (upper left corner).

The absolute magnitude of the equivalent circuit is represented in Figure 42.
Scanning frequencies for the IQ mode of operation (8, 16, and 32 KHz) are selected based on
the recommendation of Texas Instruments (chip manufacturer). Scanning frequencies are
represented with red circles. It is important to note that recommended measurement
frequencies of 50 KHz and 90 KHz, used in several formulas in the open literature, are
outside of the recommended operation range of the AFE controller. The theoretical model was
used as a proof of concept to check expected range, and range of the measured signal.
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Measurement range in the FWR mode is much wider (up to 255 KHz), but it produces less
precise impedance assessment in the case of the complex RC circuits.

1000

950

900

)

850

Impedance (

800

750

700

650

600

550

500
0

1

2

3

4

5

Frequency (Hz)

6

7

8

9

10
10

4

Figure 42. Absolute magnitude of the complex impedance of the equivalent circuit; Red circles
represent standard Scan frequencies: 8,000 Hz, 16,000 Hz, and 32,000 Hz.

4.3.

Results

The developed system was used to measure bioimpedance in real time on five subjects
and assess hydration status according to the formulas in the open literature. It must be
emphasized that all formulas in the open literature use assessment of the complex impedance
of the whole body, from ankles to wrists, and using clinical grade wet Ag/AgCl electrodes.
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This system uses electrodes on the water bottle for the convenience and ease of use; however,
the system setup has the following disadvantages compared to clinical BIA systems:
•

This system measures only bioimpedance of the upper body. Most of the fluids
accumulate in the midsection and lower body, and formulas in the existing literature
are optimized for the whole body measurement.

•

Prototype system uses Copper electrodes (adhesive Copper tape) that are proven to
exhibit much worse performance in biomedical applications than clinical grade
electrodes.

•

Clinical electrodes are much more immune to motion artifacts, since they are glued to
the skin; Use of electrodes on the bottle does not guarantee constant contact with the
skin and is much more prone to artifacts.

•

Wearable monitoring systems recommend voltage bias placed in the middle of the
chest, between the hands [40]. However, this configuration is not applicable in this
application and it is expected to reduce the quality of the measurement.

Testing of the system is performed using 5 volunteers, 3 males and 2 females. Total Body
Water was assessed using Equation (9) and (10) for FWR measurement [10], and Equation
(11) for IQ measurement [10]. In these equations, Ht is height in centimeters, R and Z refer
to the Real and absolute value of the complex impedance readings, and Wt is weight in
kilograms. In the equation 11, ‘1’ represents male and ‘0’ represents female.

𝑇𝑇𝑇𝑇𝑇𝑇 𝐹𝐹𝐹𝐹𝐹𝐹 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 1.2 + 0.45

𝐻𝐻𝑡𝑡 2
𝑅𝑅50

𝑇𝑇𝑇𝑇𝑇𝑇 𝐹𝐹𝐹𝐹𝐹𝐹 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 3.75 + 0.45
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+ 0.18 𝑊𝑊𝑊𝑊

𝐻𝐻𝑡𝑡 2
𝑅𝑅50

+ 0.11 𝑊𝑊𝑊𝑊

(9)
(10)

𝑇𝑇𝑇𝑇𝑇𝑇 𝐼𝐼𝐼𝐼 = 6.53 + 0.36740

𝐻𝐻𝑡𝑡 2
𝑍𝑍50

+ 0.17531 𝑊𝑊𝑊𝑊 − 0.11 𝐴𝐴𝐴𝐴𝐴𝐴 + 2.83 𝑆𝑆𝑆𝑆𝑆𝑆 (11)

A body composition smart weight scale Withings Body+ [52] was used as a reference.
The scale provides measurement of Weight, BMI, Total Body Water (TBW), Fat Mass, Muscle
Mass, and Bone Mass. Body+ provides measurement of body composition through bare feet
on the weight scale, that is much more accurate than the upper body measurement performed
in this work.
1,000 samples were collected in real-time to assess noise and variation of the
measurements. Unprocessed values of the magnitude of the complex impedance at 8, 16, and
32 KHz, calculated using I and Q components according to (7), are presented in Figure 43.
The values significantly change over time. The main reason for the change is the change of
bioimpedance with each heart beat and arrival of the fresh blood pulse. Therefore, a simple
averaging filter was implemented with NB=20 samples that was sufficient to average
changes across two heart beats. Plots of the unfiltered and filtered signals are shown in
Figure 44.
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Scan Impedance Results
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Figure 43. Absolute magnitude of complex impedance during 90 second measurement (1,000 samples);
each measurement is performed at 8, 16, and 32 KHz in IQ mode of the AFE4300;
average sampling interval is Ts=91.7ms.
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Figure 44. Unprocessed and filtered magnitude of complex impedance at 32 KHz; Filtering using a
moving average filter with a 20 sample window.

The standard deviation of the magnitude at 32 KHz before filtering was 17.24Ω, with
a maximum difference of 78.32Ω. After filtering, the standard deviation of measurements
was 3.47Ω, and the maximum difference was 8.03Ω. Measurement error was calculated as
the difference of the estimated TBW from the bottle and Body+ assessment. According to the
open literature, the TBW error generated using BIA measurement is acceptable for less than
one liter of absolute TBW error. All results of the analysis are presented in Table II.
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Table II. Analysis Results

Sex
Height
Subject [M=1,
[cm]
F=0]
S1
S2
S3
S4
S5
Mean
STDev

1
1
1
0
0

M_32

TBW
[L]
(9)&(10)

594.55
504.06
628.61
728.53
767.99

662.27 660.44 644.75
113.20 106.09 94.64

Age

TBW_WS
[L]

TBW_WS
[%]

M_8

M_16

74.98
89.40
87.86
58.83
66.68

25
60
23
23
23

40.56
46.94
45.07
29.94
31.74

54.1
52.5
51.3
50.9
47.6

636.93
480.11
633.86
751.79
808.65

637.88
490.52
631.31
743.91
798.56

75.55
11.85

30.80
14.62

38.85
6.88

51.3
2.2

Weight
[kg]

175.3
187
177.8
165.1
170.2
175.07
7.39
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TBW%

error
[L]

TBW
[L]
(11)

TBW
[%]

error
[L]

37.94
48.51
39.65
27.06
28.05

50.61
54.26
45.12
45.99
42.07

-2.62
1.57
-5.43
-2.89
-3.68

38.74
43.92
40.71
28.06
29.54

51.66
49.13
46.33
47.70
44.31

-1.83
-3.01
-4.36
-1.89
-2.19

36.2
8.0

47.6
4.3

-2.61
2.31

36.19
6.28

47.8
2.5

-2.66
0.95

Since most formulas perform assessment of the TBW using 50 KHz measurements,
where RECW and RICW become similar, the performance of the 50 KHz was tested for a BIA
assessment on a single subject in both measurement modes. 1,000 samples were collected in
FWR and IQ mode at 50 KHz, and TBW content was estimated for each measurement. It
should be noted that IQ mode is not recommended for frequencies higher than 32 KHz for
AFE4300 by TI technical support.
In FWR mode, mean value of the assessed TBW was 35.43 L (STdev 0.01 L,
maximum error 0.04 L). Absolute assessment error compared with Body+ was -4.9 L.
In IQ mode mean value of the TBW was 36.69 L (STdev 0.02 L, maximum error 0.03
L). Absolute assessment error was -3.65 L.

4.4.

Discussion

This project had many challenges to overcome. With the help of the Evaluation kit
and the software provided by Texas Instruments, the functionality of the AFE4300 controller
was tested. The documentation explained the terminal connections and use of on-board
resistors for calibration. However, some glitches in the SPI communications were observed
when the sensor was connected to the Teensy LC. Occasionally the wrong value was read due
to the least significant bit being flipped. This bug was fixed by selecting and deselecting the
chip at the beginning and end of every SPI communication cycle. Initially, the chip was
always selected since there is only one slave. By implementing this change, the SPI
communications became more consistent and the correct values were read and written
consistently.
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After fixing the SPI, there was still a problem with the ADC always reading 0. This
issue was investigated for a while with different configuration settings, but nothing seemed
to make a difference. However, after taking a closer look at the schematics of the sensor and
evaluation kit, it was determined that no clock was being provided for the sensor. Therefore,
to fix this issue a PWM signal with a 50% duty cycle was generated in the Teensy LC and
connected to the clock pin of the sensor. After that, appropriate values in the ADC appeared.
FWR mode measurements seemed satisfactory with small errors, but the IQ
measurements were not close to expected values. This issue was investigated by analyzing
the signals at different parts of the system through an oscilloscope. It was noticed that in the
IQ mode the DAC frequencies did not match the intended values based on the configuration
registers. To understand this issue better, the datasheet was studied more, and the registers
related to frequencies in the IQ mode were examined. That is when the realization occurred
that clock dividers must be used in such a way that the device frequency would be four times
the demodulator frequency. Therefore, by changing the generated signal in the IQ mode, and
using appropriate clock dividers, this issue was fixed, and better results were observed in the
IQ mode. The correctness of signals in this mode was verified again by using the oscilloscope.
The preliminary results demonstrate the feasibility of assessment of hydration status
using a smart water bottle with embedded bioimpedance sensor. However, several unique
challenges presented in Section 4.3 and analysis of collected records from 5 subjects indicate
the need for the following improvements:
•

Geometry and material of electrodes must be modified to improve measurements

•

Assessment formulas must be optimized for the given configuration and
measurement frequencies, using a new pilot study with a larger number of
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participants of different age, sex, and body composition. This was expected
according to the existing literature, with several authors proposing body segment
analysis.
•

Filtering of all signals should be optimized for the given application setup.

•

The calibration setup should include a more complex RC circuit relevant for the
given application. The current setup on the controller uses only two resistors with
passive on board capacitance only.

•

The new version of the AFE controller should be able to extend IQ measurements
behind 50 KHz necessary for the formulas in the open literature.

•

IQ measurements were demonstrated to be more stable and reliable for the
assessment of TBW.

•

Phase measurement of the complex bioimpedance might provide more robust
assessment of the TBW.

•

Personalized assessment of TBW might provide accurate assessment of the
relative changes in the hydration status and serve as a warning in the case of
possible dehydration.
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Chapter 5: Conclusions
Bioimpedance is a convenient and highly accurate method for assessment of the
internal composition of the body. This is especially true for the fluids present in various
compartments in the tissues. A very important use of this information is the assessment of
hydration status of the individuals. As was discussed in this document, the human body’s
natural mechanisms are not sufficient for detecting dehydration before it is too late.
Additionally, other hydration detection methods cannot produce results in real-time, require
expensive chemicals or equipment, and cannot be implemented by an average person without
the help of an expert. Moreover, commercially available bioimpedance measuring products
are not portable or completely convenient. Therefore, a device that can perform bioimpedance
and hydration evaluations seamlessly without adding extra cost to the system is needed. This
project presented the feasibility of the use of a smart water bottle to seamlessly assess user’s
hydration in addition to monitoring TBW. Although the precision demonstrated in this
project was not sufficient for the assessment of dehydration, further optimization and
personalization of algorithms is feasible. The preliminary results provide excellent
opportunity for monitoring of user hydration at home and assisted living facilities.

5.1.

Contributions

The original contributions made in this project were as follows:
•

Implementation of a low power embedded software for the wireless hydration
sensor. The software was developed for an Arduino Teensy LC to control the
low-cost analog front end bioimpedance controller AFE4300. The system can
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be connected to a smart bottle to make bioimpedance measurements
seamlessly and conveniently every time the bottle is used.
•

A Windows control application was developed using C# and the .NET
framework as a control and monitoring program to allow users to interact with
the system in real-time. The user can select desired configurations and view
results. The results can be presented in real time or saved in a file for off-line
post-processing and algorithm development.

•

An application specific communication protocol for communication between the
control program and the embedded software was developed. These two
components exchange and process application specific messages through
Bluetooth during system operation.

•

Several models and configurations (e.g. FWR and IQ) and several calibration
setups for the typical application scenarios are supported. The system can
calibrate the measurements in each model and present the raw and calibrated
measurements for presentation and archiving.

5.2.

•

The prototype system for testing and algorithm development was assembled.

•

Preliminary data was collected and analyzed using a five subject pilot study.

Limitations and Future Work

Even though obstacles were overcome during the course of this project, further
improvements of the system and algorithms are still needed. The measurements in the IQ
mode for frequencies larger than 32 KHz seemed inconsistent and had greater errors. This
was caused by the limited capability of our sensor in that mode, as indicated by TI Tech
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Support. Due to demodulator restrictions in the IQ mode, the number of frequencies in this
mode were limited. Therefore, in order to obtain the frequencies needed for algorithms from
open literature, the device clock had to be changed. However, the ADC performs most reliably
when the device clock is 1 MHz. According to Texas Instruments’ customer support, the best
results in the IQ mode are obtained when the DAC frequencies are 8 KHz, 16 KHz, or 32
KHz. This issue can be resolved by using a different sensor, or generating mathematical
expressions for evaluating hydration from bioimpedance measurements at those three
frequencies. This approach is one of the approaches frequently used in the open literature.
Moreover, the control program and the prototype can be enhanced such that the user can
save the settings and calibration constants. If the controller uses capacitance measurement
[6], measurements can start whenever the user touches the bottle. This will make the
prototype even more convenient, seamless, and power efficient. In addition, a mobile
application similar to the windows control program could be developed in order to make the
system more portable and provide real-time feedback to the user, even outside of the house.
Furthermore, the water bottle can serve as an IoT appliance, integrated into a smart home
system. The same concept can be applied to other applications such as fitness equipment or
walkers to facilitate monitoring of health and hydration status of the users.
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Appendix A: Description of Registers in AFE4300
Table III. List of device control registers for AFE4300

Register Name

Address

Description
The register controls the power down/up
options for the functional blocks:
• Bit 0: Weight-scale front-end power-down
bit.

DEVICE_CONTROL1

0x09

• Bit 1: Body composition measurement
front-end power-down bit.
• Bit 2: Power down device.
• Bit 3: Power down DAC.
A default value of 0x6006 is written to this
register
The register controls the clock divider for the
demodulator, battery mode, and bridge
selection for the weight-scale front-end.
• Bit 0 and Bit 7: These bits enable battery
monitoring.

DEVICE_CONTROL2

0x0F

• Bits [2:1]: Selects one of the four input
pairs to be routed to the weight-scale
front-end.
• Bits

[13:11]:

I/Q

demodulator

clock

frequency.
The value of this register could vary based
on the clock divider needed for our desired
frequency in the IQ mode.

75

Table IV. List of ADC control registers for AFE4300

Register Name

Address

Description
This register controls the conversion mode,
measurement mode, power down options,
and data rate configurations of the ADC.
• Bits [6:4]: Conversion rate select bits.
• Bit 7: ADC Power-down.

ADC_CONTROL_REGISTER1

0x01

• Bits [13:11]: ADC measurement mode
selection.
• Bit 15: ADC conversion mode/ADC singleshot conversion start.
A default value of 0x4130 is written to this
register to power up the ADC and perform
differential measurements at 64 samples
per second.
This register controls the reference voltage
and the measurement block connected to the
ADC.
• Bits [4:0]: Selects the signals that are

ADC_CONTROL_REGISTER2

0x10

connected to the ADC.
• Bit [6:5]: Selects the reference for the
ADC.
When in FWR mode or reading I values in IQ
mode 0x0063 is written to this register, and
for reading Q values in IQ mode 0x0065 is
written.
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Table V. List of BCM control registers for AFE4300

Register Name

Address

Description
This

ISW_MUX

0x0A

register

determines

which IOUT

channels should be used for measurements.
The values for this register varies based on
the desired channel or the use of on-board
resistors for calibration.
This register determines which VSENSE

VSENSE_MUX

0x0B

channels should be used for measurements.
The values for this register varies based on
the desired channel or the use of on-board
resistors for calibration.
Bits [9:0] of this registers are used for
configuring the frequency of the DAC. The

BCM_DAC_FREQ

0x0E

value written to this register varies based on
the frequency required for the application.
DAC frequency = BCM_DAC_FREQ[9:0] *
device clock / 1024
The value bit 11 in this register determines

IQ_MODE_ENABLE

0x0C

the operation mode. For FWR mode 0x0000
is written to this register and for IQ mode
0x0800 is written.
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Table VI. List of weight scale control registers for AFE4300

Register Name

Address Description
This register controls the configuration for

WEIGHT_SCALE_CONTROL

0x0D

the weight scale measurements. This is not
applicable in our application and therefore a
value of 0x0 is written to this register.

Table VII. List of miscellaneous registers for AFE4300

Register Name

Address Description

MISC_REGISTER1

0x02

MISC_REGISTER2

0x03

MISC_REGISTER3

0x1A

Not used, 0x0 should be written to this
register.
Not used, 0xFFFF should be written to this
register.
Not used, 0x00C0 should be written to this
register.
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Appendix B: Microcontroller’s Pin Connections
Table VIII. List of the Teensy LC pins used

Pin

Pin

Number

Name

3V

3.3V

G

GND

0
1

10

Provides power supply to the AFE

AFE4300: J2 terminal pin 1

sensor and the Bluetooth module.

Bluetooth Module: GND

Provides Ground to the AFE sensor

AFE4300: J2 terminal pin 2

and the Bluetooth module.

RX1

Bluetooth Module: TX-O

Receives data from the BT module

TX1

Bluetooth Module: RX-I

Sends data to the BT module

CS0

MOSI0

12

MISO0

13

SCK0

17

Description

Bluetooth Module: VCC

11

15

Connection

A1

A2

AFE4300:

J103

pin

1

(STE1)
AFE4300:

J103

pin

11 Master Out Slave In, transmits the
data from the board to the sensor.

J103

pin

13 Master In Slave Out, transmits the

(SOMI1)
AFE4300:

data from the sensor to the board.
J103

pin

3 Provides the shared clock needed for

(SCLK)
AFE4300:

the SPI communication
J103

pin

(SOMI1)
AFE4300:

SPI communication between the board
and the sensor.

(SIMO1)
AFE4300:

Chip Select. It enables and disables

15

RDY Ready signal from the sensor
used as interrupt signals to indicate
that AFE data are ready

J103

pin

(SOMI1)

17 Generates a 1 MHz PWM signal with a
50% duty cycle as sensor clock.
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Appendix C: Communication Protocol
Table IX. Structure of the CONFIG messages

Segment Data

Size of Segment in [Bytes]

Header (0x55)

1

Type (0x00)

1

ADC_CONTROL_REGISTER1 value

2

MISC_REGISTER1 value

2

MISC_REGISTER2 value

2

DEVICE_CONTROL1 value

2

WEIGHT_SCALE_CONTROL value

2

MISC_REGISTER3 value

2

Checksum

2
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Table X. Structure of the CALIB messages

Segment Data

Size of Segment in Bytes

Header (0x55)

1

Type (0x01)

1

ISW_MUX / VSENSE_MUX values for the

2

first on board resistor
ISW_MUX / VSENSE_MUX values for the

2

second on board resistor
IQ_MODE_ENABLE value

2

Device Clock Frequency

2

BCM_DAC_FREQ value

2

DEVICE_CONTROL2 value

2

Checksum

2
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Table XI. Structure of the CALIB_AVG messages

Segment Data

Size of Segment in Bytes

Header (0x55)

1

Type (0x03)

1

Average I value for the first resistor

2

Average I value for the second resistor

2

Average Q value for the first resistor

2

Average Q value for the second resistor

2

Checksum

2

Table XII. Structure of the RAW_VAL messages

Segment Data

Size of Segment in Bytes

Header (0x55)

1

Type (0x04)

1

Resistor number (1 or 2) indicating which

1

resistor generated the message
Type of Data (1, 2, or 3) indicating if FWR

1

mode, or I or Q value in IQ mode
Raw ADC value

2

Checksum

2
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Table XIII. Structure of the MEAS_CON messages

Segment Data

Size of Segment in Bytes

Header (0x55)

1

Type (0x02)

1

ISW_MUX / VSENSE_MUX values

2

Requested Sample Size

2

IQ_MODE_ENABLE value

2

Device Clock Frequency

2

BCM_DAC_FREQ value

2

DEVICE_CONTROL2 value

2

Checksum

2

Table XIV. Structure of the MEAS_VAL messages

Segment Data

Size of Segment in Bytes

Header (0x55)

1

Type (0x02)

1

Average I value

2

Average Q value

2

Checksum

2
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Table XV. Structure of the RT_MEAS_CON messages

Segment Data

Size of Segment in Bytes

Header (0x55)

1

Type (0x05)

1

ISW_MUX / VSENSE_MUX values

2

IQ_MODE_ENABLE value

2

Device Clock Frequency

2

BCM_DAC_FREQ value

2

DEVICE_CONTROL2 value

2

Checksum

2

Table XVI. Structure of RT_MEAS_VAL messages

Segment Data

Size of Segment in Bytes

Header (0x55)

1

Type (0x05)

1

Real-Time I value

2

Real-Time Q value

2

Time Stamp

4

Checksum

2
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Table XVII. Structure of the SCAN_CON messages

Segment Data

Size of Segment in Bytes

Header (0x55)

1

Type (0x07)

1

ISW_MUX / VSENSE_MUX values

2

Requested Sample Size

2

IQ_MODE_ENABLE value

2

Checksum

2

Table XVIII. Structure of the SCAN_VAL messages

Segment Data

Size of Segment in Bytes

Header (0x55)

1

Type (0x07)

1

Time Stamp

4

Real-Time I value for 8 KHz

2

Real-Time Q value for 8 KHz

2

Real-Time I value for 16 KHz

2

Real-Time Q value for 16 KHz

2

Real-Time I value for 32 KHz

2

Real-Time Q value for 32 KHz

2

Checksum

2
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